Over the past decade, laser forming has been effectively used to bend various metal foams, opening the possibility of applying these unique materials in new engineering applications. The purpose of the study was to extend laser forming to bend sandwich panels consisting of metallic facesheets joined to a metal foam core. Metal foam sandwich panels combine the excellent shock-absorption properties and low weight of metal foam with the wear resistance and strength of metallic facesheets, making them desirable for many applications in fields such as aerospace, the automotive industry, and solar power plants. To better understand the bending behavior of metal foam sandwich panels, as well as the impact of laser forming on the material properties, the fundamental mechanisms that govern bending deformation during laser forming were analyzed. It was found that the well-established bending mechanisms that separately govern solid metal and metal foam laser forming still apply to sandwich panel laser forming. However, two mechanisms operate in tandem, and a separate mechanism is responsible for the deformation of the solid facesheet and the foam core. From the bending mechanism analysis, it was concluded on the maximum achievable bending angle and the overall efficiency of the laser forming process at different process conditions. Throughout the analysis, experimental results were complemented by numerical simulations that were obtained using two finite element models that followed different geometrical approaches.
Introduction
Metal foam has long been acknowledged for its excellent shock and noise absorption properties, as well as its high strength to weight ratio [1, 2] . Despite its desirable characteristics, metal foam alone is generally not suitable for structural applications because its thin cellular structure can easily be damaged and often makes the practical incorporation difficult. In many cases, it is, therefore, desirable to encapsulate metal foam within a shell of solid metal. Of particular interest are so-called "sandwich" panels, where plates of metal foam are "sandwiched" in between solid metal sheets. The metal sheets ("facesheets") not only protect the foam core from damage but also significantly improve the stiffness of the composite while maintaining a high strength to weight ratio.
Potential applications for sandwich panels with metal foam core range from various car components [3] [4] [5] to solar power plants [6] and train/ship structures [7, 8] . Perhaps, the greatest potential for application exists in the aerospace industry. Specifically, sandwich panels could be used as turbine casings to arrest blades in case of a failure and reduce noise while maintaining low weight [9] . Metal foam sandwich panels could further be used in airplane "noses" to absorb impact energy from bird collisions [10] . In some applications, they could also replace honeycomb structures that are frequently used in modern airplanes. Unlike honeycomb structures, which are anisotropic and cannot be readily curved, metal foam is isotropic and can be bent to doubly curved shapes [2] . Moreover, the densities and geometries that can be used for honeycomb structures is limited, whereas sandwich panels with metal foam core can be manufactured in a variety of different densities, cell shapes (using open/closed cell foams), and cell sizes [11] .
The challenge associated with using sandwich panels with metal foam core in industrial applications is that they must be manufactured to specific and, oftentimes, intricate shapes. It is possible to manufacture sandwich panels directly into the required shape using powder metallurgy processes [11] . This process involves creating a precursor material consisting of compressed metal and foaming agent powders, placing it between solid metal "facesheets," and bending the assembly to the desired shape. Afterward, the assembly is moved to a furnace, which causes the foaming agent to release a gas that turns the precursor into a foam. Elevated temperatures cause metallic bonds to form between the foam and adjacent facesheets. While feasible, the drawback of this process is that it requires molds both for the initial forming and subsequent heating. This limits the part size and makes the process very expensive for low production volumes. Furthermore, the structure and density of the resulting foam core is oftentimes irregular because it was produced in a nonuniform shape.
An alternative method to manufacture engineering parts is to start with generic shapes, such as flat panels, and subsequently bend them into the required shapes. This method is significantly cheaper and offers better control over the metal foam properties. At the same time, this method is challenging because sandwich panels with metal foam core are difficult to bend. Mechanical bending has been attempted, such as three-point bending [12, 13] or die stamping [14] but caused many different types of defects and failures. Additionally, three-point bending has been attempted at elevated temperatures, yet no improvement was observed beyond slightly postponing the onset of failures in mechanical bending at room temperature [15] . Although hydroforming allowed forming dome-shaped parts, it severely densified the metal foam core and thus diminished the favorable properties of the sandwich panel [16] .
A viable alternative to the aforementioned processes is laser forming, since it is based on thermally induced mechanical deformation and requires no physical contact with the treated material. The process has successfully been used to bend a variety of different metal foams, such as closed-cell foams [17, 18] , open-cell foams [19] , as well as foams with protective skins [20] . Yet, no attempt has been made to apply laser forming to sandwich panels with metal foam cores. Extending the laser forming study to sandwich panels is challenging because the interfaces and interactions between the facesheets and the foam core are critical to the overall material and must be taken into consideration. The existence of an interface significantly complicates the heat transfer and mechanics, and more involved numerical simulations are consequently required to understand these phenomena. These issues, along with a thorough discussion of the bending mechanisms and the applicable process window, are investigated in this study.
Background
2.1 Sandwich Panel Manufacture and Bending. Sandwich panels consist of three components: a foam core (metal foam in this study) and two solid metallic "facesheets" that are attached on either side of the foam core. In some studies, sandwich panels are referred to as materials in which the core and the facesheets are a single part. Examples are metal foams that develop protective skins during powder metallurgical processes [11, 20] . More commonly, however, sandwich panels consist of facesheets and a foam core that are distinct entities and initially separated. These sandwich panels have stronger facesheets that better protect the foam core and increase the stiffness of the sandwich panel. Additionally, these sandwich panels offer a greater flexibility in material composition, since different material types and alloys can be used for the facesheets and the foam core combination.
To manufacture these sandwich panels, the facesheets need to be attached to the core, which can be achieved in different fashions. In this study, a typical method in which a precursor block consisting of compressed aluminum and foaming agent powders was used. The precursor is sandwiched between two facesheets and heated near the melting temperature of the metal powder. During heating, the foaming agent releases a gas that generates cavities inside the precursor and forms the foam. To ensure that the sandwich panel has a uniform thickness and that metallic bonds can establish between the foam and the facesheets, expansion in the direction of panel thickness is restricted during the foaming process [11] .
While having an exceptional strength and stiffness, the resulting sandwich panels are extremely challenging to bend, due to several reasons. First, the major constituent of the sandwich panels is metal foam, which is unable to withstand the high tensile stresses that develop during mechanical deformation processes [18] . Hence, core shear failures are one of the most prevalent failure types seen in mechanical bending [2, 12, 13] . Second, sandwich panels are extremely stiff, and their moment of area I is substantially greater than the moment of area of a solid with the same cross-sectional area (Fig. 1) , where I is calculated using
where s 0 is the sheet thickness [2] . As a consequence, the sandwich panel has a much higher bending stiffness S than the corresponding solid as shown in
where l is half the beam length, E is Young's Modulus, and d is the vertical deflection of the beam during bending [2] . Therefore, a greater bending moment M is required to achieve the same bending deflection d, which, in turn, increases the stresses in the foam core, making it even more prone to shear failures. High stresses also develop in the facesheets that can cause facesheet failures or wrinkling [2, 13] . Third, deforming sandwich panels is exceedingly difficult due to the presence of the facesheet/foam interfaces. During mechanical bending processes, such as three-point bending, significant stress discontinuities develop at the interfaces due to the drastic difference in the material properties between the metal foam and the facesheets. Assuming bending occurs about the x-axis (see Fig. 2 ) and is achieved by a bending moment M, the normal strain at a distance z from the neutral axis can be written as e 22 ¼ Àz=R [21] , where R is the radius of curvature. The normal stress (in y-direction) then becomes
where E is Young's modulus. The sign indicates that the deformation is compressive and tensile above and below the neutral axis, respectively. Since the radius of curvature is constant, the magnitude of the stress discontinuity depends on the difference in Young's modulus between the facesheet and the foam, which can readily reach a factor of 100. At the interface, this stress discontinuity is experienced as a shear traction and can cause delamination [12, 13] . Finally, the interaction between the facesheet and the foam can cause additional undesirable effects. Due to the high compressive stresses that develop during mechanical bending, the facesheet can buckle into the foam core, compressing the foam to a fraction of its original thickness [2, 13] . As a consequence, the foam loses a majority of its local compressibility and renders the sandwich useless for shock-absorption applications.
Laser
Forming. Laser forming of solid sheet metal is well understood; several mechanisms explain the bending behavior at different process conditions [22] . The first bending mechanism, temperature-gradient mechanism (TGM), governs the scenario where the sample sheet thickness is relatively large compared to the laser spot size. Steep temperature gradients develop across the sheet thickness, and heating is highly localized underneath the laser source. As a consequence, the thermal expansion of the heated material is restricted by the cold surrounding material, and plastic compression occurs. Plastic compression is propagated along the entire laser scan, shortens the top of the sheet relative to the bottom, and ultimately bends the material toward the laser. The second mechanism, buckling mechanism (BM), governs the scenario where the laser spot is much larger than the sheet thickness, causing uniform heating across the thickness. The sheet again tries to expand but is hindered by the surrounding material, ultimately buckling away or toward the laser source. The buckled region is propagated along the laser scan, and the sheet eventually bends in the direction opposite to the buckling direction. The third mechanism, upsetting mechanism (UM), governs the same scenario as the BM, except the section is geometrically prevented from buckling and instead undergoes thickening.
For metal foams, it was shown that none of the aforementioned mechanisms exactly apply, and a modified temperature-gradient mechanism (MTGM) was proposed [18] . In the MTGM, a steep temperature gradient develops across the thickness just like in the TGM, but the compressive shortening near the top surface occurs via cell crushing as opposed to plastic compressive strains.
For sandwich panels with metal foam cores, the bending mechanism analysis becomes more involved. For one, the interaction between the facesheets and the metal foam must be taken into consideration. The facesheets tend to bend at a higher rate than 111015-2 / Vol. 140, NOVEMBER 2018
Transactions of the ASME the metal foam core and are thus "held back," which can give rise to stresses at the interface. Moreover, there is no bending mechanism that is valid both for solid sheet metal and metal foam, and hence, there is no mechanism that can explain the bending behavior of the entire sandwich panel. The TGM and the MTGM, for instance, cannot govern bending of the entire sandwich panel, since the foam deformation is not mainly based on plastic compression, and the facesheet cannot undergo crushing, respectively. The BM cannot be valid either, since the thickness of the composite is too large to undergo buckling. The UM can only partially explain the sandwich deformation for a set of process conditions, as will be shown, but does not explain how the foam core can bend without undergoing fracture. It turns out that the sandwich panel deformation can be explained by a combination of two mechanisms, which interact and give rise to a new phenomenon at the interface between the top facesheet and the foam core.
Numerical Simulation
Several methods can be used to model sandwich panels. The simplest method is to model the sandwich as a block, divide it into three regions, and assign facesheet and foam properties to the corresponding regions [23] . Though extremely simple, the disadvantage of this method is that the facesheet and core are always rigidly connected, and the heat transfer between them is assumed to be perfect (infinite conductance). Since the facesheet and foam core are not fully melted during manufacturing, however, the interface contains microvoids, and the adhesion is imperfect. Hence, a finite thermal conductance is to be expected, which can only be taken into account by models where the facesheets and the foam core are initially detached.
Initially detached models require a joining method, of which there are again several alternatives. A simplistic method involves joining the facesheet and foam core using tie constraints or contact interactions [13, 16] . Both methods can model contact resistances, yet do not allow for any delamination to occur. Cohesive surfaces have the same thermal capabilities but also allow for delamination to occur when specified damage parameters are exceeded [24] . The same result can be achieved by inserting a thin layer (e.g., 10 lm) at the interface consisting of cohesive elements, with the additional benefit that delamination can be monitored and visualized [25] . Even though delamination did not occur in the current study, this approach was used for both interfaces, in anticipation of future studies where delamination effects become important.
The cohesive element approach assumes the interface layer to be infinitesimally thin, and the deformation is described in terms of the tractions t and the displacement discontinuity u across the interface. The tractions and displacements are linearly related through the stiffness matrix K t n t s t t 
where the subscripts n, s, t refer to the normal, first and second shear directions, respectively. The stiffness of the cohesive layer is set very high to avoid affecting the response of the sandwich [26] . , which has a 17.4 times higher moment of area about the y-axis than a solid with the same cross-sectional area (thickness 3.2 mm). Hence, metal foam sandwiches have a higher stiffness to bending deformation. The cross sections were divided into squares of 0.1 mm length, whose moment of area were calculated individually and added using the parallel axis theorem. The y-and z-axes refer to the number of squares per coordinate direction. The total number of squares was the same for the solid and sandwich. To simulate the imperfect heat transfer at the interfaces, temperature-dependent conductance values G(T) were assigned. G(T) data are currently only available for metals in direct contact that are subjected to a pressure. Several references suggest an exponential increase of G with temperature T [27] [28] [29] . For sandwich panels, the conductance should be greater than in direct contact because of the presence of metallic bonds; however, due to the lack of available reference data, the G(T) relationship from Ref. [27] was used.
The laser-forming simulation was performed in an uncoupled manner, using the thermal results as input to the mechanical analysis. The facesheets were modeled using Von Mises' yield criterion, and temperature-dependent material properties were extracted from Ref. [30] . Simulations were implemented in the finite element software ABAQUS using DC3D20 and C3D20R elements for the thermal and mechanical analysis, respectively. The top and bottom facesheets were modeled with three and two elements through the thickness, respectively.
The metal foam was modeled in two different ways. In the first method ("equivalent model"), shown in Fig. 2(a) , the foam was modeled as a solid, and metal foam properties were assigned. Yielding was assumed to occur due to deviatoric and hydrostatic stresses, pursuant the criterion
where r e is the Von Mises' equivalent stress, r m the mean stress, Y the yield strength, and a the aspect ratio of the yield surface [31] . When F < 0, the material behavior is elastic, and when F ¼ 0, plastic deformation occurs pursuant to the following flow rule:
where _ e p ij is the plastic strain rate, and H is the hardening modulus defined as
where h r and h p are the tangent moduli in uniaxial and hydrostatic compression, respectively, andr is the equivalent stress equal to the first term in Eq. (5). The assumptions of this model and the sources for the material data are discussed in detail in Refs. [17] and [18] . The x and y mesh refinement was the same as in Ref. [18] , in z-direction the mesh was more refined toward the interfaces and coarser toward the center of the foam. In the second method ("Kelvin model"), the foam cavity was approximated by a Kelvin cell, shown in Fig. 2(b) , and solid AlSi10 properties were assigned. The element types and meshing technique were the same as in Ref. [18] , with the exception that a cavity size of 2 mm was used, yielding a density of 700 kg/m 3 . In the equivalent model, the cohesive layer was meshed with COH3D8 elements that were half the size of the adjacent metal foam elements. In the Kelvin model, the same element size was used for the cohesive layer as in the adjacent metal foam elements. The thermal and mechanical boundary conditions were the same as in prior analyses [17, 18] , and an absorption coefficient of A ¼ 0.6 was used [32] .
Experimental Methods
Sandwich panels manufactured by Havel Metal Foam Gmbh were used in this study, consisting of AW 5005 facesheets and AlSi10 metal foam core. The thickness of the sandwiches was 10 mm, and the average density of the metal foam was measured to be 700 kg/m 3 . The manufacturing method was discussed in Sec. 2.1. Sandwich specimens were cut to a length of 100 mm and a width of 35 mm and mounted onto a thermally insulated stage as shown in Fig. 3 . A CO 2 laser with a wavelength of 10.6 lm was used to scan the specimens in x-direction. To improve the naturally poor absorption of 10.6 lm radiation in aluminum [33] , the specimens were coated in black graphite paint. The specimens were cooled to room temperature after each laser scan, at which point the deflection was measured with a dial indicator.
Two different approaches were taken during the determination of the process conditions. In the first approach, inspiration was drawn from multilayer composite laser forming studies [34] , in which the TGM was induced in the top layer, and the remaining sections of the composite were bent by the resulting bending moment. In the second approach, it was attempted to bend the entire sandwich panel through a laser forming mechanism by subjecting the entire section to a steep temperature gradient. For both approaches, bending was successful, but the bending mechanisms turned out to be different than anticipated, which will be discussed later.
Since both process conditions give rise to fundamentally different bending mechanisms, most of this study was dedicated to the comparison of the two conditions. However, the process window is not limited to these two conditions, and laser forming can also be achieved with intermediate laser spot sizes between D ¼ 4-12 mm and scan speeds between v ¼ 10-30 mm/s, as will be demonstrated in Sec. 5.3.
The temperatures on the bottom surface of the sandwich were measured using an IR camera. The IR camera was mounted underneath the specimen, and an aluminum shield was added to the stage to avoid damaging the IR camera. The maximum frame rate of 120 Hz was used, which provided sufficient detail to capture Fig. 3 Experimental setup. The specimens were scanned in x-direction, and a thermally insulating material was inserted between the specimen and the holder. The dial indiactor was removed during laser scans.
Results and Discussion

Bending Mechanism.
To study the bending mechanism, sandwich specimens and "isolated" facesheets that were removed from the sandwich were both laser formed to about 15 deg. Then, the typical cross section of the sandwich specimens (Figs. 4(a) and 4(b)) were compared with cross section of isolated facesheets (Figs. 4(c) and 4(d) (Fig. 4(c) ), which is an established consequence of TGM-dominated bending [35] . At D ¼ 12 mm (Fig. 4(d) ), there was insignificant change in the facesheet thickness, and the spot size was substantially greater than the facesheet thickness, indicating that the BM is the governing mechanism [22] .
In comparison, it is evident that the bending of sandwich panels is governed by different mechanisms, since the cross section look quite different under both process conditions. At D ¼ 12 mm (Fig. 4(b) ), the top facesheet no longer bent via the BM because it was prevented from buckling by the attached metal foam. Instead, the facesheet was thickened, a response that is indicative of the well-established UM. The temperature distributions across the thickness, shown in Fig. 5 as the laser passes, confirm this finding. Both in the isolated and sandwich configuration, there was hardly any temperature gradient across the top facesheet, speaking in favor of the BM and the UM, for each configuration respectively.
At D ¼ 4 mm (Fig. 4(a) ), the top facesheet in the sandwich configuration thickened not just upward but also downward, which is uncharacteristic for the TGM and suggests that a different bending mechanism governs deformation. The thermal results from Fig. 5 suggest the contrary, however, since a steep temperature gradient developed across the top facesheet regardless of whether it was isolated or attached to the foam core.
Further evidence can be drawn from the experimental and numerical results in Fig. 6 , showing the temperature history at the bottom sandwich panel surface at the scan line. At D ¼ 12 mm, a substantial amount of heat was transferred across the sandwich. This indirectly implies that the top facesheet heated up uniformly, again suggesting that the UM governed bending of the top facesheet. At D ¼ 4 mm, on the other hand, little heat reached the bottom sandwich surface, suggesting the presence of a temperature drop in the top facesheet, which gives rise to the TGM. It must be noted that in the experiment, a laser shield was placed very close to the bottom sandwich surface to protect the IR camera. This shield absorbed some heat and is responsible for the discrepancy between the experimental and numerical peak temperatures. Also, there is a significant temperature drop across the top interface, which can be attributed to the finite interface conductance. The temperature drop was more significant at D ¼ 12 mm than at D ¼ 4 mm due to the exponential temperature-dependence of the interface conductance G(T).
Thus far, the bending mechanism analysis was solely focused on the top facesheet, and evidence was found that the TGM and UM govern facesheet bending at D ¼ 4 mm and D ¼ 12 mm, respectively. The question now becomes how the rest of the sandwich panel bends. Two pieces of evidence show that the foam core actively bends through a laser forming mechanism as well, rather than bending solely because of the bending moment exerted by the top facesheet. First, steep temperature gradients develop across the foam during the laser scan as shown in Fig. 5 , both at D ¼ 4 mm and D ¼ 12 mm. Second, the metal foam undergoes some densification during the laser scan as shown in Figs. 7(a) and 7(b), which is identical to the densification occurring during laser forming of free-standing metal foam [18] . The density changes were calculated using
where q 0 is the initial density and e ii are the normal strain components [14] . The initial density (q ¼ q 0 ) is represented by 100%. Both results imply that the metal foam bent via the MTGM [18] . Experimental results confirm this finding, since some cellcrushing can be seen at small bending angles (Figs. 4(a) and 4(b)), and especially at large bending angles (see Sec. 5.2). Therefore, both the top facesheet and foam core actively contribute to the bending deformation through different bending mechanisms. The last sandwich component requiring an analysis is the bottom facesheet. According to Fig. 5 , there is no temperature gradient across the bottom facesheet, and the amount of heating is low as well. Hence, the bottom facesheet is the only component of the sandwich panel that does not actively contribute to bending. Instead, it is bent mechanically by the bending moment exerted by the foam core and the top facesheet.
Having discussed the bending mechanisms, it becomes clear why laser-formed sandwich panels do not undergo any failures mentioned in Sec. 2.1. Core shear failures do not occur because the foam deformation through the MTGM is mostly compressive [18] . Similarly, buckling of the top facesheet does not occur, since the top facesheet undergoes compressive shortening via the TGM. Facesheet wrinkling does not occur either because the facesheets are too thick or bottom facesheet failures are prevented by heatinduced softening. Facesheet delamination can occur, depending on the joining method. In this study, a very strong joining method was used, which did not give rise to any delamination.
A further topic requiring discussion is the thickening on the bottom surface of the top facesheet (Fig. 4(a) ). Two mechanisms can be held responsible for this behavior. First, the metal foam densifies, as shown in Figs. 7(a) and 7(b) , and the associated volume reduction leaves a void in the foam to be filled. Since the adhesion between the top facesheet and the metal foam remains intact, the facesheet must fill this void, which it can readily accomplish because it is subject to high compressive stresses and also softened due to the laser-induced heating. Second, the top facesheet expands downward right as the laser passes. Figure 8 shows the strain distribution e 33 in z-direction (a) right before the laser passes, (b) while the laser passes and (c) at the end of the laser scan. Immediately before the laser passes, the top facesheet starts expanding uniformly. As the laser passes, the facesheet rapidly expands both upward and downward, inducing a compressive strain in the metal foam underneath. Meanwhile, the foam undergoes some compressive deformation of its own through the MTGM, thereby "pulling" the facesheet down and inducing a tensile strain in the facesheet. This condition is maintained until the end of the laser scan, as shown in Fig. 8(c) .
Bending Efficiency and Limit.
In Sec. 5.1, it was shown that small (D ¼ 4 mm) and large (D ¼ 12 mm) laser spot sizes induce different bending mechanisms in the top facesheet. The bending mechanisms, in turn, significantly impact both the bending efficiency and the bending limit. Figure 9 shows that the bending angles achieved at D ¼ 12 mm were more than twice the bending angles achieved at D ¼ 4 mm over 8 laser scans, even though the area energy was constant in both cases (AE ¼ 6.67 J/mm 2 ). These results clearly suggest that bending is significantly more efficient at larger laser spot sizes.
To explain the trends observed in Fig. 9 , the plastic compressive strain distributions in y-direction (e p 22 ) were analyzed over a cross section of the sandwich panel. At D ¼ 4 mm (Fig. 10(a) ), large compressive strains developed at the center of the top facesheet due to intense heating and the large thermal expansion forces characteristic of the TGM. The remaining facesheet segments contributed much less to compressive deformation, and the plastically deformed area was generally localized near the laser scan line. At D ¼ 12 mm (Fig. 10(b) ), the plastically deformed region extended further from the laser scan line, and the compressive strains were more uniformly distributed throughout the top facesheet. Hence, bending was more efficient at D ¼ 12 mm because a larger segment of the top facesheet contributed to compressive shortening.
Furthermore, bending was more efficient at D ¼ 12 mm because the foam core bent more efficiently via the MTGM. Unlike at D ¼ 4 mm (Fig. 10(a) ), where the foam only underwent plastic compression adjacent to the scan line, the plastically compressed region was much larger at D ¼ 12 mm (Fig. 10(b) ). The same conclusion can be drawn from the densification plots in Figs. 7(a) and 7(b), as well as experimental results at large bending angles (Fig. 11) .
Finally, bending was more efficient at D ¼ 12 mm because the bottom facesheet reached higher temperatures during the laser scan, as shown in Fig. 6 , and consequentially underwent a higher amount of heat-induced softening than at D ¼ 4 mm.
Similar to the bending efficiency, the maximum achievable bending angle is very sensitive to the laser spot size. At D ¼ 4 mm, the maximum bending angle is merely $15 deg, as shown in Fig. 4(a) . Large bending angles can exclusively be achieved by performing multiple parallel laser scans. In Fig.  12(a) , for instance, two scans were performed per scan line, and each scan line was offset by 1 mm. At D ¼ 12 mm, on the other hand, bending angles up to 65 deg and beyond can be achieved over a single scan line as shown in Fig. 12(b) . One cause for the different limiting behaviors is the bending mechanism that governs the deformation of the top facesheet. At D ¼ 4 mm, the top facesheet bends via the TGM, and considerable thickening occurs over the small area around the laser scan line (Fig. 4(a) ). This thickening causes a significant drop in the bending angle increment Da, since Da is proportional to the inverse of the sheet thickness squared for TGM conditions [22] Fig. 11 . However, the bending efficiency is less affected, because the temperature distributions in the top facesheet remains mostly uniform due to the large laser spot size, and the thermal prerequisite for the UM is still met.
Another cause for the different limiting behaviors is the efficiency of the foam densification via the MTGM. As mentioned in Sec. 5.1, densification occurs very locally at D ¼ 4 mm, unlike at D ¼ 12 mm where a large segment of the foam densifies, as seen in Fig. 11 . Therefore, the foam can densify unrestrictedly at D ¼ 12 mm, whereas it might locally approach solidification at D ¼ 4 mm, reducing the bending efficiency [18] .
After reviewing the behavior of sandwich panels at large bending angles, the impact of laser forming on sandwich performance can be examined. The first issue to be examined is facesheet thickening. On one hand, a thickened facesheet increases the strength and stiffness of the sandwich panel. Conversely, the thickened segment has undergone numerous rapid heating and cooling cycles that can cause a material embrittlement [36] . However, since the facesheet thickening occurs over a larger scale and aluminum is less susceptive to detrimental embrittlement effects, it is expected that the top facesheet performance is maintained, if not improved. The second issue is foam densification. At D ¼ 4 mm, the densification resembles the densification observed during laser forming of free-standing metal foam [18] . With an increasing number of scans, the densification becomes more localized and thus minimally affects foam crushability. At D ¼ 12 mm, the densification is wide-spread, due to the MTGM, as well as the largescale thickening of the top facesheet. Still, the densification is much smaller than in mechanical bending, where the top facesheet deeply penetrates into the foam core and can reduce its thickness by up to 75% [12, 13] .
Other Process Conditions.
The process window is not limited to the two process conditions that have been compared thus far, but covers the entire spectrum in between. As shown in Fig. 13 , any laser spot size between D ¼ 4 mm and D ¼ 12 mm yields a successful result (at AE ¼ const.). At each spot size, the bending curve slightly leveled off with an increasing number of laser scans. At D ¼ 4 mm and D ¼ 6 mm, the bending curve leveled off more quickly since the TGM, which is more sensitive to facesheet thickening (see Sec. 5.2), was dominant in the top facesheet. Also, the paint wore off faster due to the higher temperatures that developed in the top facesheet. At D ¼ 10 mm and D ¼ 12 mm, the bending curves leveled off the least, since the BM, which is less sensitive to facesheet thickening, was dominant in the top facesheet. Also, the temperatures in the top facesheet were the lowest and caused the least amount of paint evaporation. Finally, D ¼ 8 mm was somewhere in between, and only leveled off at a high number of laser scans.
More insight into the bending efficiency can be obtained by comparing the bending angles achieved by each condition after one and eight laser scans, shown in Fig. 14 . After one scan, there was a distinct increase in the bending angle from D ¼ 4 mm to D ¼ 8 mm, which became even more pronounced after 8 scans. Again, the reason is that as the spot size increases, less paint evaporation occurs, and the bending mechanism is less sensitive to facesheet thickening. Additionally, at D ¼ 4 mm and D ¼ 6 mm, facesheet temperatures were very close to melting temperatures (see Fig. 5 ), hence localized melting could occur, releasing part of the compressive stresses. Figure 14 further shows a slight drop in the bending angle from D ¼ 8 mm to D ¼ 12 mm after one laser scan. After eight scans, this trend disappeared, and the bending angles leveled off beyond D ¼ 8 mm. The initial trend is related to the fact that increasing scan speeds at constant input energies reduce heat diffusion time, thereby increasing the temperatures and thus the bending angles [37] . This effect is negated after multiple scans, since larger spot sizes experience less paint evaporation and are less sensitive to facesheet thickening.
Laser forming of sandwich panels is not only possible with a range of spot sizes, but there is also a considerable amount of freedom in the choice of the area energy. As shown in Fig. 15 , a 40% change in the scan speed (and hence the area energy) still yielded appreciable bending angles. The spot size and the power were maintained at D ¼ 12 mm and P ¼ 800 W, respectively. Increasing the scan speed caused a drop in the area energy and hence a reduction of the bending angle, a trend that is well captured by the simulation.
Numerical Model Comparison.
Thus far, all the presented numerical results were generated using an equivalent sandwich model shown in Fig. 2(a) . In this section, the equivalent sandwich model is compared with the Kelvin sandwich model shown in Fig. 2(b) , in which the cavities of the foam core are explicitly modeled using Kelvin-cell geometries. , respectively. The bending angles are averaged over five specimens, standard errors are shown. At small spot sizes, the bending curves level off more rapidly due to an increased amount of paint evaporation and a higher sensitivity to facesheet thickening. On one hand, the foam model geometry appears to be less important in sandwich panels than in free-standing foams [17] , because the laser absorption in the top facesheet is the same regardless of the foam geometry. Also, the temperature distributions during laser scans are very similar in both models, as shown in Fig. 16 for D ¼ 12 mm, v ¼ 10 mm/s, and P ¼ 800 W.
On the other hand, the foam core geometry does have a significant impact on the heat transfer between the facesheets and the metal foam core. In the equivalent sandwich model there is no geometric restriction to heat flow between the facesheet and metal foam, whereas the heat flow in the Kelvin sandwich model is channeled through thin cell walls. This leads to discrepancies in the temperature gradients as shown in Fig. 17 (analogous to Fig. 5 ). Due to the geometrical restriction of the heat flow, more heat gets "trapped" in the top facesheet of the Kelvin sandwich model. As a consequence, the top facesheet heats up more and a greater temperature drop establishes across the interface. This discrepancy is more pronounced at D ¼ 12 mm than at D ¼ 4 mm, since heat has more time to dissipate due to the reduced scan speed [37] , thereby rendering the interface property more important.
The foam core geometry also has a significant impact on the mechanical interaction between the facesheets and foam core. In the equivalent sandwich model, the top facesheet thickens the same way everywhere along the laser scan path (see Fig. 8 ). In the Kelvin sandwich model, on the other hand, the foam core has high geometry-induced stiffness, which locally restricts facesheet expansion, a phenomenon that was also observed in experiments. At sections where a cavity is underneath the facesheet at the scan line ( Fig. 18(a) ), the facesheet can expand downward unrestrictedly, and significant plastic compressive strain develops in the facesheet. At sections where a cell wall is located underneath the facesheet at the scan line ( Fig. 18(b) ), the facesheet expansion is restricted and less plastic compressive strains develop. This A deformation scaling factor of 10 was used. Half of the specimen is shown due to symmetry. In (a), a cavity is located underneath the facesheet at the scan line, and the facesheet can expand downwards unrestrictedly. In (b), a cell wall is located underneath the facesheet, and the downward expansion of the facesheet is restricted.
phenomenon occurs predominantly at D ¼ 4 mm, because the facesheet expansion is highly localized at the laser scan line. At D ¼ 12 mm, the facesheet thickens over a larger distance from the laser scan line, and the impact of the foam core geometry is reduced.
Due to its increased geometrical accuracy, the Kelvin sandwich model has an increased sensitivity to changes in process conditions, as shown in Fig. 19 . Whereas the equivalent sandwich model predicted little difference in bending angle between the small spot size (D ¼ 4 mm) and the large spot size (D ¼ 12 mm), the Kelvin sandwich model predicted a more significant difference between the two, which more closely agrees with experimental results. Both models over-predicted the bending angles at D ¼ 4 mm, since neither of the models account for paint evaporation and possible local melting effects that occur at D ¼ 4 mm.
Conclusions
This study demonstrated that sandwich panels with metal foam core can be laser formed with a wide range of process conditions. It was shown that both the top facesheet and the metal foam core bend via a laser forming mechanism and actively contribute to the bending deformation. The top facesheet bending mechanism depends on the laser spot size and varies between the TGM (for small spot sizes around D ¼ 4 mm) and the UM (for large spot sizes around D ¼ 12 mm). The metal foam core bends via the MTGM for all spot sizes. It was also demonstrated that sandwich panels bend more efficiently at large spot sizes than at small spot sizes, since larger segments of the top facesheet and the metal foam contribute to the compressive shortening. Moreover, it was shown that much greater bending angles can be achieved at larger spot sizes, due to the reduced impact of facesheet thickening on bending mechanism efficiency. Finally, it was shown that Kelvin sandwich models yield better predictions of bending angles and the facesheet/foam core interaction than equivalent sandwich models, due to their higher geometrical accuracy.
From this study, it became clear that the facesheet/foam core interface plays a central role in laser forming of sandwich panels. Different adhesion types might significantly affect the heat transfer and the mechanics, and hence change the outcome of the laser forming process. ). The Kelvin model is more sensitive to changes in process conditions due to its higher geometrical accuracy. Both models over-predicted the bending angles at D 5 4 mm because they did not account for paint evaporation and localized melting.
